Inclusion particles in stainless steel were investigated in continuously cast slabs in a full scale caster and ingots cast in several kinds of molds under laboratory conditions. Under such conditions particle size near slab surfaces was seen to be smaller. However, it was increasing with increasing depth going into the slab interior. In order to understand the mechanism of inclusion particle growth we applied four different mathematical models to predict the size distribution of particles. Of the four, the Ostwald ripening model, usually only applied to aqueous colloid phenomena, provided the best correlation with experimental results. This suggests that particles formed during solidification grow by "diffusion coalescence" due to the difference in solubility of neighboring particles which in turn is dependent on particle size.
Introduction
Inclusion particles in steel are detrimental to its mechanical properties. The process by which inclusion particle size increases by means of coalescence (coarsening) has been studied in molten steel. 1) The coalescence or coagulation of inclusion particles and their separation from the molten steel is an important stage in the standard deoxidation process. In the case of Al-killed steel, very little oxygen remains in molten steel and thus Al 2 O 3 precipitation is negligible during solidification. Many studies have been carried out of inclusion particle growth in molten steel. [2] [3] [4] [5] [6] [7] In contrast, when the molten steel is deoxidized by a combination of Si and Mn, and by Ti, inclusion particles simultaneously precipitate and grow to large sizes during solidification. A study of Ti deoxidized steel showed that the sizes of particles formed during solidification increases with decreasing cooling rate and that size increases moving from the slab surface into the interior of the casting slab. [8] [9] [10] This cooling rate dependence was explained by a diffusion controlled growth during solidification.
Since a molten stainless steel is deoxidized by Si and Mn and thus contains a high soluble oxygen concentration, inclusion particle precipitation is accompanied by enrichment of solute elements in the molten steel during solidification.
In order to clarify our understanding of the growth mechanism of inclusion particles precipitating during solidification in such a molten stainless steel, we investigated the size and composition of inclusion particles in continuously cast (CC) slabs and test ingots with different elapsed times until the completion of solidification.
Following this we determined an appropriate growth mechanism model for inclusion particles in such a molten steel comparing our observations with the predicted inclusion particle sizes using four existing inclusion particle growth models; diffusion controlled growth, [8] [9] [10] Ostwald ripening, 11) collision coalescence due to Brownian motion, 2) and collision coalescence due to ascending velocity difference.
2)
Investigation Method of Inclusion Particles

Inclusion Particles in Continuously Cast Slab of Stainless Steel
Stainless steels (AISI 304) of varying composition were cast with No. 2 caster, one point bending and curved type caster with a curvature radius of 10.5 m, at Fukuyama Works, NKK. Two slabs with thickness' of 160 mm and 220 mm were cast at casting speeds of 0.8 m/min and 0.6 m/min, respectively. Samples for measurement of inclusion particles were taken at five positions equally spaced along the vertical thickness axis as shown in Fig. 1 . The casting conditions are summarized in Table 1 .
Inclusion Particles in Test Ingots
A stainless steel (AISI 304) sample weighing approximately 60 kg was induction melted and cast into three molds; a 300 g iron mold, a 25 kg iron mold and a 25 kg sand mold as shown in Fig. 2 . Both iron molds used in this experiment were initially at room temperature and the sand mold was preheated to ca. 1 000°C.
The casting conditions and mold sizes are listed in Table  2 . Thermocouples were embedded and temperatures were measured in a quarter and a half thickness and a half height of each ingot. It was observed that the small mold experienced the fastest cooling rate while the sand mold experienced the slowest. The samples for investigation of inclusion particles were cut from each vertical subsurface and at quarter, half and three-quarter positions along a central horizontal axis at a half height of each ingot in Fig. 2 . The chemical composition of steel cast into the molds is given in Fig. 2. 
Investigation of the Size and Composition of
Inclusion Particles The number of inclusion particles within an area of 3 mmϫ4 mm was counted under an optical microscope at a magnification of 800 times. The size of each particle was evaluated and taken to be the average of the largest and smallest particle diameters. The analysis of inclusion particle composition was carried out with an electron probe micro-analyzer (EPMA) at a magnification of over 1 000 times.
Solidification structure was observed with the optical microscope after electrolytic etching for about two minutes with aqua-solution of 10 % oxalic acid.
Results
Solidification Characteristics
For the CC slabs, internal temperatures were calculated by solving a one-dimensional heat conduction equation along the slab thickness axis with a finite difference approximation. Thermophysical properties such as thermal conductivity and specific heat capacity of a stainless steel (AISI304), which was reported in the literature, 12) was used for the calculation of CC slab temperature. The histories of calculated temperatures at positions of 5 mm, 55 mm (1/4 thick) and 105 mm (approximately 1/2 thick) from the slab surface is shown in Fig. 3(a) for the 220 mm thick slab against the elapsed time from the solidification start. Similarly, for 160 mm thick slab, the calculated temperatures at positions of 5 mm, 40 mm (1/4 thick) and 75 mm (approximately 1/2 thick) from the slab surface are shown in Fig. 3(b) . In this study, the elapsed time until the completion of solidification was defined as "the length of time over which the temperature in a given portion of the CC slab falls to solidus temperature after the temperature reaches liquidus temperature" as shown in Fig. 3(a) . In this calculation, in order to evaluate the liquidus temperature and the solidus temperature, we used the following equation 13) [Eqs. (1) and (2)]. For the test ingots, the elapsed time until the completion of solidification were determined by the temperature data measured by the thermocouples embedded in each ingot. These elapsed times are given in Table 2 for each test ingot.
Solidification structures are shown in Fig. 4 for the CC slabs and the test ingots. For the CC slabs, fine dendrite structure appears in the subsurface samples while samples taken from deeper inside the slab show a larger scale dendrite structure. For the test ingots, the solidification structures are shown at the position of a quarter thickness, central width and half height. The size of solidification structures is dependent on the kind of mold used in this experiment. The 300 g iron mold samples exhibit a finer solidification structure and the sand mold samples exhibit a coarser structure. The solidification structure of the steel in the 25 kg iron mold is mid-way between that of the 300 g iron mold and the sand mold.
The secondary dendrite arm spacings for two kinds of CC slabs and test ingots are plotted in Fig. 5 against the cooling rate. The cooling rate, in the case of CC slab, is determined by using the histories of calculated temperatures as shown in Figs. 3(a) and 3(b), and the cooling rate for the test ingot is determined by the temperature measurement data. In Fig. 5 , for comparison with our data, the previously reported data 14) are shown together. Our observations are in accordance with the previous data.
Size Distribution and Number of Inclusion
Particles in Continuously Cast Slabs and Test Ingots Typical inclusion particles are shown in Fig. 6 observed in the 220 mm thick CC slab. The shape of most of the inclusion particles is spherical. The number and average size of particles are shown in Figs. 7(a) and 7(b) versus the position of the sample along the thickness axis for both 160 mm and 220 mm CC slabs. The size of particles can be seen to increase at greater distances from the slab surface. The size of inclusion particles in the 220 mm thick slab is greater than in the 160 mm CC slab except for the inclusions in the subsurface area. As shown in Fig. 7 (b), The number of inclusion particles per unit area decreases at greater distances from the slab surface. This variation of "particle population" along the thickness axis appears to be the inverse of the size variation. The elapsed time until the completion of solidification increases at greater distances from the slab surface, and the size can be taken to be proportional to the elapsed time until the completion of solidification.
For the test ingots, the number and size of inclusion particles are shown against their position along the thickness axis in Figs. 8(a) and 8(b). The average size of particles is different in each ingot. The largest particles are observed in the ingot cast in the preheated sand mold and the smallest occurred in the ingot cast in the 300 g iron mold. The size of inclusion particles in the 25 kg iron mold is mid-way between the sizes observed in the other two molds. The elapsed time until the completion of solidification is longest for the pre-heated sand mold and the shortest for the 300 g iron mold. In a similar manner to that observed for particle size in the CC slab, the inclusion particles in the test ingots grew to larger sizes when the elapsed time until the completion of solidification was longer.
In light of the investigated results regarding the sizes of inclusion particles in the CC slabs and the test ingots, it can be seen that inclusion particle growth occurs during the solidification process.
Chemical Composition of Inclusion Particles
The chemical composition of inclusion particles observed in the CC slabs and the test ingots is plotted in Figs. 9 and 10. Most of the inclusion particles observed in the CC slabs contain an Al 2 O 3 content between 5 and 30 % by mass. This results in that the total oxygen concentration is maintained at about 30 to 50 ppm in CC slab and in that the number of inclusion particles is also reduced. The Al 2 O 3 and SiO 2 content of particles increases with increasing size while MnO content decreases.
In contrast, Al 2 O 3 is not contained in inclusion particles in the test ingots because the molten steel was deoxidized only by Si and Mn in the casting test.
In the case of small inclusion particles of size less than 10 mm, the SiO 2 content of particles increases with increasing size, while conversely MnO content decreases. Also, the observed Al 2 O 3 content is very low. From this we postulate that inclusion particles grow in size as SiO 2 is precipitated during solidification. The number of inclusion particles observed in the CC slabs with differing concentrations of oxygen is shown in Fig. 11 . The number of inclusions increases with increasing total oxygen concentration. Also, when the total oxygen concentration exceeds approximately 40 ppm, the frequency of silica-rich inclusion formation increases and aluminarich inclusion formation decreases. 
Discussion
Coarsening Mechanisms of Inclusion Particles
Sakao et al. 15) named the following mechanisms as possible models for describing the growth of inclusion particles in the deoxidation process. 1) Diffusion controlled growth [9] [10] [11] 2) Diffusion controlled growth driven by difference of solubility resulting from particle sizes (Ostwald ripening 11) ) 3) Collision coalescence due to Brownian motion 2) 4) Collision coalescence due to ascending velocity difference 2) 5) Collision coalescence due to melt flow 7) In this study we made predictions of the inclusion particle size using the aforementioned models. The fifth mechanism has been omitted from this study, since the inclusion particles are growing during solidification process and turbulent flow is absent in the molten steel within interdendritic region.
Calculation Method Using the Diffusion Controlled
Growth Model Goto et al. 8, 9) analyzed inclusion particle growth during solidification of Ti-deoxidized molten steel using a diffusion controlled growth model. Inclusion particles precipitating during solidification were taken to be stoichometric TiO 2 . Microsegregation and diffusion of solute elements of Ti and O were calculated and combined to predict the size of inclusion particle. This method successfully explained the effect of cooling rate on inclusion particle growth. However, in order to account for the fact that the number of inclusion particles is reduced at greater depths within the slab, they assumed that the nucleation rate depends on the degree of supersaturation. The diffusion controlled growth model assumes that an inclusion particle is generated by the solubility and diffusion of those elements of which it is composed.
In this study we predicted the size of inclusion particles formed during solidification of a stainless steel deoxidized by Si and Mn using a similar model. We used Ueshima's model 16) for the calculation to predict the size distribution of inclusion particles during solidification as shown in Fig.  12 .
We defined a two-dimensional area of consideration as shown in Fig. 12(a) , where l is a half of the separation between dendrites. This model adopts an approximation by which this is subdivided into 30 slices [ Fig. 12(a) ]. Each slice is substituted by a circle, which in turn subdivided into 20 concentric rings, labeled jϭ1-20 [ Fig. 12(b) ].
The flow chart of calculation is shown in Fig. 13 . The time mesh, Dt, is taken to be 0.0001 s. The equilibrium distribution coefficient and the diffusion coefficients used for the calculation are taken from previous papers. 14) Perfect mixing is assumed in the liquid phase and hence solute elements are taken to be uniformly distributed.
First, the temperature, T, in the interdendritic region is given by a cooling curve (steps x and y in Fig. 13 ) and compared with liquidus temperature, T L , 13) calculated from the chemical composition of liquid phase (steps z and {). When T is lower than T L , solidification occurs (step |, solid phase: iϭ1-n, and liquid phase: iϭnϩ1-30). The The activity of SiO 2 in inclusion particles is calculated with the data of Ramachandran et al. 18) The activity coefficients, f Si and f O , are calculated with Wagner's formula in which the interaction parameters of solute elements in the molten steel are taken from the literature 19) (step ). In the calculation of microsegregation of solute elements of C, Si, Mn, Cr, Ni and O during solidification, the conditions for SiO 2 inclusion particle formation are met by comparing the concentration product, C Si ϫC O 2 , with the solubility, [Si] 
, of Si and O in the liquid phase. In other words, when the concentration product exceeds the solubility, at a given location, SiO 2 is considered to precipitate without supersaturation (step ~, precipitation: jϭ1-m, and no precipitation: jϭmϩ1 -20) .
The following equations are also made to predict the size of inclusion particles: If the concentration product, Fig. 12(b) .
The density of the m-th ring element where SiO 2 precipitated is taken to equal that of SiO 2 and the concentration, If the concentration of Si and O in the (mϩ1)-th ring element becomes negative, it is taken to be zero. If the concentration of either Si or O in the m-th ring element (where SiO 2 is precipitated) reaches that of stoichometric SiO 2 , then SiO 2 is predicted to precipitate in this ring element. In such a case, the size of a SiO 2 particle becomes equal to the diameter (ϭ2mϫdr) of this element. The precipitation site is then shifted to the nearest neighboring ring element [(mϩ1)-th ring element].
After calculating the above equations, the concentrations of Si and O in the ring elements from the (mϩ1)-th to the 20th are recalculated by solving the diffusion equation for Si and O in all the ring elements apart from those where SiO 2 has precipitated and again whether SiO 2 is precipitated is judged by comparing the concentration product, Also the concentration of Si and O in the ring elements where no SiO 2 has precipitated is taken to be equal to above:
The calculation time, t, is advanced incrementally by Dt, and the same calculation is repeated at tϩDt (step x). The equilibrium distribution coefficients, 19) the diffusion coefficients 20, 21) and the solubility product 17) in liquid iron that are used in the above calculation are summarized in Table  3 .
Calculation Method with the Ostwald Ripening
Model In a system where there are dispersed particles of varying sizes, which are soluble in the surrounding medium, the smaller particles tend to dissolve and their solute material precipitates into the larger particles. The driving force of this mechanism is derived from the consequent reduction in interfacial energy. This is the process referred to as Ostwald ripening.
When particles of radius, r, are dispersed through a solution, the solubility of solute elements around a given particle is given as 23) .............. (10) This equation indicates that the solubility in the vicinity of such a particle increases with decreasing particle radius. Greenwood 24) analyzed the growth rate of particles due to collision coalescence or named "Ostwald ripening" and derived approximate formulae based on solubility.
Subsequently Lifshitz and Slysov 25) went on to obtain the following equation to predict particle size using the result which Greenwood derived. (11) It is this equation that we have used to predict particle size during solidification. Inclusion particles in stainless steel , is the lowest among the solute elements, the inclusion particle growth can be assumed to be controlled by diffusion of Oxygen. The temperature range for inclusion particle growth, which is the range from liquidus temperature to solidus temperature (the completion of solidification), is divided into ten regions (subdivisions) and the temperature within the h-th subdivision is taken as being held at a constant value, TЈ h . When an inclusion particle is growing in the range of the h-th subdivision and the completion of solidification, i.e., it begins to grow at the h-th subdivision and ceases at the completion of solidification, its size is given as;
. Ascending Velocity between Large and Small Inclusion Particles A suspended particle in a liquid is acted upon by a buoyancy force, i.e. the Stokes force generated by density difference between the liquid and the particle. Miyashita 2) obtained a growth rate for a particle by analyzing the process by which a large particle collides and coagulates with small inclusion particles that it encounters as it moves along an ascending path towards the surface of the solidifying melt. (16) This mechanism has been the established model used to explain inclusion growth in molten steel.
Collision Due to Turbulent Flow of Molten Steel
In the case of molten steels in which an intense stirring force such as when an Ar gas is bubbled through the melt in a bath, inclusion particles collide with each other, coagulate or coalesce and become larger. However, the turbulent motion of molten steel in the interdendritic region on solidification is very small. Consequently, such motion cannot account for the inclusion particle growth. In fact, any growth of particles due attributable to this mechanism would be very slow and for this reason we have neglected this model in this study.
Comparison of Predicted Results with Observa-
tions Since the size of inclusion particles depends on the elapsed time until the completion of solidification, which in turn depends on their position within a slab, inclusion particles have a size distribution. Hence, we will need to calculate the average size of inclusion particles from predictions based on the diffusion controlled growth model and the Ostwald ripening model. Only then we can evaluate the validity of the abovementioned growth models by comparing the predicted average sizes with the observed ones.
The concentration of solute elements in the interdendritic region is dependent on the solid fraction. Here, the number of inclusion particles formed is assumed to be proportional to the volume of the liquid phase. This assumption simplifies calculations. In addition, the nucleation rate of inclusion particles is assumed to be constant, irrespective of the liquid fraction. The existing ratio, N h , of inclusion particles in the h-th subdivision over a divided solidification range is given as The size of inclusion particles was calculated from models based on the mechanisms described in Secs. 4.1.1 to 4.1. 4 The physical properties of the molten steel used in these calculations are those listed in Table 4 . The average size of inclusion particles was calculated with Eqs. (17) and (18) . The calculated average sizes from each of the abovementioned growth models are summarized in Fig. 14 for comparison with the observations.
The predicted inclusion particle size with the Ostwald ripening model is in good agreement with the observations when the initial size of particles is taken to be 1.3 mm. The predicted size of inclusion particles by the diffusion controlled growth model is smaller than that of observation. One possible explanation might be that the initial size is assumed to be zero in this calculation. However, if the initial size were set at a larger value, the curve showing the relationship between size and time is still inconsistent with the observations. The slope of the predicted curve is smaller than that of the observations. Similarly, the predicted size range of inclusion particles by the Brownian motion particle growth model is 0.3 to 0.7 mm within the elapsed time until the completion of solidification in the CC slab, and reaches about 1 mm for a elapsed time of over 2 000 s. However, the maximum solidification in practice was approximately 700 s in a CC slab and hence inclusion particles do not appear to be growing due to Brownian motion during solidification.
When the Stokes motion (ascending velocity difference) model prediction is compared, the predicted size of particles reaches 1.2 mm until the elapsed time of 1 000 s and increases rapidly with elapsed time longer than 1 000 s. Furthermore the curves of size vs. time for both Stokes motion and Brownian motion are not similar to that obtained from observations.
In light of these comparisons, the growth of inclusion particles precipitating during solidification appears to be controlled by a process of diffusion coalescence of Ostwald ripening driven by interfacial energy in the surrounding inclusion particles. The analysis suggests that inclusion particles grow due to Ostwald ripening during solidification after the particle has exceeded an initial size.
In light of our analysis the following measures can be taken to reduce the size of inclusion particles precipitating in CC slabs; 1) reduce the [O] in the molten steel 2) shorten the elapsed time until the completion of solidification, e.g., it is effective to reduce the slab thickness. 3) lower the concentration of elements such as P and S, which segregate heavily during solidification and thus make the solidus temperature lower, because extending the solidification range.
Conclusions
The size, number and chemical composition of inclusion particles were investigated in continuously cast slabs of stainless steel deoxidized by Si and Mn in order to determine the mechanism of inclusion particle growth during solidification. A similar investigation was carried out in test ingots cast into three types of molds with different elapsed time until the completion of solidification. The size of inclusion particles was then calculated with several growth mechanisms of inclusion particle growth and a comparison was made with the observed results, which are as follows;
(1) The size of inclusion particles in continuously cast slabs increases with increasing depth within the slab and the number of inclusion particles decreases with increasing depth.
(2) The size of inclusion particles increases with longer elapsed time until the completion of solidification, as observed in the case of an ingot cast into a preheated sand mold.
(3) A particle size prediction calculated with the Ostwald Ripening growth model correlates well with the sizes of inclusion particles observed in the CC slabs and test ingots. The inclusion particles in CC slabs of stainless steel grow during solidification after they have exceeded an initial size.
(4) The measures for reducing inclusion particle size in continuously cast slabs are to reduce both the slab thickness and oxygen concentration in the molten steel.
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